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(57) Abstract 

^concentrations of target species in liquid solutions are analysed using a simple, disposable, electrode sensor element (1) in the 
lorm of a flat stop (10) of insulating substrate material with one or more flat electrodes (12) printed on it. The electrode is overlaid with 
an insulating layer (14) which as a through aperture (16) exposing an active surface (18) of the working electrode (12). The area of the 
active surf ace is precisely known. In use, the electrode is vibrated in a plane normal to the plane of the substrate. In preferred arrangements 
this vibration is intermittent The sensor, vibrated at a known frequency, produces a stable and repeatable current signal representing 
™^ D 5^°?. , solutlon * agents necessary are incorporated in the disposable sensor element as supplied, in a further coating 
(20) which dissolves when the sensor element is immersed in the solution. Such a coating can also be used to prevent contamination of 
the active surface (18) before use. The sensor elements may be made in a form in which the electrode working surfaces are exposed only 
when the element is broken off a larger body, which may be a continuous tape or strip. £ 
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ANALYSIS OF LIQUID SOLUTIONS 

This invention relates to the analysis of liquid 
solutions comprising a target species in a liquid 
solvent, in which the concentration of the target 
5 species is measured using a sensor element having at 
least one electrode which, when in contact with the 
solution, is caused to generate an electrical current 
signal, the latter being processed so as to give a 
measure of the concentration. 

10 The invention relates, in particular, to methods and 

apparatus for carrying out such analysis, and to sensor 
elements for use in such methods. It is especially 
applicable to measurement of low concentrations. 

In electro- chemical methods of analysis, the species to 
15 be detected is oxidised or reduced at an electrode, and 
the resulting electrical current is measured. The 
resulting current depends upon the stirring of the 
solution. In order to achieve a well-defined and 
reproducible relation between the concentration of the 
species to be measured, and the observed current, it is 
considered in the present art that the stirring must be 
well-defined, in order to be reproducible. Two methods 
by which this is done are by the use of a rotating disc 
electrode, and by the use of a flow channel geometry, 
25 in which a uniform laminar flow is maintained past the 
electrode surface. In general, it is considered that 
turbulent flow is to be avoided, because it leads to 
fluctuating and non-reproducible currents. 
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An alternative to the use of a regulated hydrodynamic 
regime is to use a microelectrode , in which the 
geometric size of the electrode is diminished until it 
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is of the same order as the hydrodynamic or 
concentration boundary layer thickness at the surface 
of the electrode. If this is done, then the current 
becomes independent of the flow regime. A disadvantage 
is that the measured current, being proportional both 
to the area of the electrode and the concentration of 
the target species in solution, might become very small 
for low concentrations. 

In the document W092/21961, the present Applicants 
disclosed the use of an electrode in the form of a thin 
line. That document also disclosed the use of a 
vibrated line electrode, the effect of the vibration 
being to cause both an enhancement and a modulation of 
the measured current, which allowed the rejection of 
15 background currents. By these means, measurement of 

chlorine in water down to concentrations below lppm was 
demonstrated. At these low concentrations, the 
observed current was smaller than InA, and the 
measurement of lower concentrations was rendered 
difficult, partly because of the need to measure such 
low currents. To measure lower concentrations, a 
larger area electrode might be envisaged: this however 
requires careful control of the hydro-dynamics, and, 
indeed this is what the current art teaches. 

25 Instruments currently available, using the electro- 
chemical method to measure low concentrations of 
chlorine, feature large (cm 2 scale) electrodes and 
careful hydrodynamic control. Such devices are 
incorporated into instruments which are designed only 

30 for use in fixed locations. Such instruments also 
include means for dosing the sample stream with 
reagents to condition it to the optimum state for the 
analysis, for example to buffer the pH of the sample 
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stream, and possibly segregate metallic contaminants, 
such as Ca 2 \ Mg 2+ , Fe 3+, and if necessary tQ 
precipitate humic acids which might be present. Since 
chlorine might be present both as free chlorine (which 
5 is measured by the electro-chemical instrument), and as 
forms bound to ammonia ( chloramines ) (which are not) 
the system might incorporate the occasional addition of 
potassium iodide solution, which reacts with all the 
forms of chlorine, both free and bound, to yield 
10 iodine, which is detected by the electro-chemical 

instrument. The resultant signal therefore gives the 
total concentration of chlorine, which, by comparison 
with the concentration of free chlorine, yields the 
concentration of bound chlorine. 

15 in order to measure very low concentrations, and to 
distinguish the effects in the current due to the 
presence of the analytical target species from the 
effects in the current of processes such as oxidation 
of the electrode material, the technique of 

20 hydrodynamic modulation has been proposed (S. A. 

Schuette and R. l. McCreary, Anal. Chem. 58 (1986) 
1978-82 and 59 (1987) 2692-99). m this method, a 
well-defined hydrodynamic stimulus was applied by 
sinusoidal oscillation of a wire electrode in a 

25 direction parallel -to tho .=..,,• ^ ^- . , 

t> cu.-i.ex to tne axis of the wire, taking care 

that the oscillation frequency was such that the flow 

regime of the electrolyte adjacent to the electrode 

remained laminar. The resulting sinusoidal oscillation 

of the current was then detected and used as the 

30 analytical signal. These authors also envisaged the 

use of a double modulation method, combining 

hydrodynamic modulation at one frequency with 

modulation of the electrode potential at a different 
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frequency, in order further to lower the detection 
limit of the method. 

In the present state of the art, any system for 
electro-analysis of liquid solutions must satisfy three 
particular technical requirements, namely (a) an 
electrode working surface area which is well defined; 
(b) control of the hydro-dynamics involved; and (c) an 
electrode working surface which is clean and active 
immediately prior to use. Particularly in industrial 
situations, the need for cleaning and/or preparing the 
sensor element is at best a nuisance, and may even be 
impractical and/or too costly to consider. 

Accordingly it is attractive to consider the use of 
disposable sensor elements (electrodes), used once only 
15 and then discarded. This in turn leads to two further 
requirements, namely (d) the electrodes must be as 
cheap as possible, and (e) they must be repeatable in 
volume mass production. 
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Publication W092/21961, mentioned above, discloses an 
inexpensive, disposable electrode for use in electro- 
analysis of liquids, in which the working surface is 
exposed by breaking off a portion of the electrode. 
Such an electrode can optionally be made such that, if 
successive portions are broken off when required, the 
25 electrode may be used several times. 

One object of the present invention is to provide a 
method and apparatus easily and reliably applicable to 
measurement of very low concentrations of the target 
species . 



30 



Another object is to enable such measurement to be made 
in situations where separate addition of one or more 
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reagents would hitherto have been required, but without 
the need for such separate addition. 

A further object is to provide a portable electro- 
analysis apparatus for use in the field, which is 
5 simple for use by personnel without a high degree of 
training. 

Another object is to provide a sensor element which is 
cheap, disposable but reliable, which may be an 
alternative to the type disclosed in the document 
10 W092/21961, or which may be of that type. 

Yet a further object is to ensure that the electrodes 
are protected from contamination before use. 

According to the invention in a first aspect, a sensor 
element for use in the analysis of a liquid solution 
comprising a target species in a liquid solvent, is 
characterised by: 

- a generally planar electrically insulating substrate; 
and 



15 



20 



- at least one generally planar electrode, carried on 
the substrate and including or constituting a working 
electrode which defines an active surface of 
predetermined surface area, the sensor element having 
means whereby it can be mounted for application to it 
of vibration in a direction generally normal to the 
25 plane of the active electrode surface. 

The sensor element preferably has a layer of 
electrically insulating material overlaid on the 
substrate and on at least the working electrode, but 
defining a through aperture for exposing the said 
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active surface. 

The sensor element preferably includes at least one 
outer layer soluble in a said solvent. 

Preferably, the, or at least one, said outer layer 
covers at least the said active surface, so that when 
it dissolves, the or each electrode is exposed to the 
liquid. 

Preferably again, the, or at least one, said outer 
layer contains at least one reagent for promoting 
and/or assisting generation of the current signal on 
the sensor element. 

According to the invention in a second aspect, 
apparatus for use in the analysis of a liquid solution 
comprising a target species in a liquid solvent, is 
15 characterised by: 

- a sensor element according to the invention in its 
first aspect; 

- a carrier for carrying the sensor element and for 
making electrical connection thereto; 

- vibrator means for vibrating the sensor element in 
the said direction; and 

- signal processing means for receiving said current 
signals so as to determine the concentration of the 
target species in the solution. 

The apparatus preferably further includes a container 
for the solution, at least the carrier being mounted on 
the container such that the sensor element is immersed 
in the solution in use. 
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The container preferably includes liquid level control 
means for determining the amount of solution in the 
container, and is also preferably portable for use in 
the field. 

According to the invention in a third aspect, a method 
of analysing a liquid solution comprising a target 
species in a liquid solvent is characterised by the 
steps, using an apparatus according to the invention in 
its second aspect, of: vibrating the sensor element in 
said direction at a known frequency, whereby to produce 
a stable, repeatable current signal from the sensor 
element; and processing the current signal so as to 
determine the said concentration. 

Preferably, the vibration is applied intermittently 
with each period of vibration, of a known duration 
being followed by a period of known duration in which 
no vibration takes place. 

Preferably also, the area of the said active surface is 
selected so as to give the sensor element a 
predetermined sensitivity, being in substantially 
inverse proportion to a required minimum concentration 
of the target species to be measured. 

In some embodiments of the invention, two or more 
sensor elements may be made as a single unit in the 
manner disclosed in publication W092/21961. Thus 
according to an optional feature of the invention, the 
sensing element has at least one electrode adapted to 
have a working surface for exposure to an analyte and 
defining a micro-dimension no greater than about 200 
micrometres, the electrically insulating substrate with 
the or at least one said electrode overlaid thereon as 
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a strip having the said micro-dimension as its 
thickness, and an electrically insulating layer 
overlaid on the strip at least in the vicinity of the 
working surface, the working surface being unexposed 
and the element further including means for causing a 
cross-section of the element or elements to become 
exposed to define the working surface. 

With this arrangement, electrode patterns in various 
configurations can be provided in the form of metallic 
stripes or strips carried by an insulating substrate, 
and the aforesaid micro-dimension of the (or each) 
sensing electrode is achieved by exposing to the 
analyte a transverse section only of the metallic 
strip, that is by presenting the edge of the substrate 
assembly to the analyte liquid, the plain surfaces of 
the metallic films being protected from contact with 
the liquid by coatings of insulating material. 

The said means comprises at least one line of weakening 
formed across the substrate and bridged by the 
electrode or electrodes, whereby, when the substrate is 
ruptured along a said line of weakening, the or each 
electrode is also ruptured so as to create its exposed 
working surface. 

The line of weakening is preferably in the form of a 
groove, which may be formed as part of the substrate 
manufacturing process, or produced by grinding, 
scratching or similar methods, or by laser scribing, 
substrate, preferably a face not carrying electrodes. 
The groove is positioned so as to facilitate splitting 
of the substrate along the groove by the user 
immediately prior to use, so presenting a freshly 
prepared metal edge surface free from contamination. 
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A sensor element according to the present invention (in 
its fxrst aspect), with this additional feature that 
the working surface of the, or each, electrode is 
exposed by breaking the substrate immediately prior to 
use, can be given the soluble outer layer, or at least 
one soluble outer layer, in the manner explained above 
th ls outer layer containing a reagent which is released 
into the solution. 

The sensor elements can therefore be manufactured in 
strips or tapes consisting of two or more sensor 
elements, which are broken off when required for use. 

The invention will be more clearly understood on a 
reading of the description of various embodiments of 
the invention which follows, and which is given by way 
of example only and with reference to the accompanying 
drawings, in which :- 

Figure 1 shows a simple form of sensor element 
according to the invention, together with an edge 
connector (shown partly broken away above the plane I-l 
in Figure 3), into which the sensor element is inserted 
in use; 

Figure 2, on a larger scale, is a cross section on the 
line II- II in Figure 1; 

Figure 3 is a cross section through the edge connector 
taken on the line III-ni in Figure 1; 

Figure 4 is a much simplified diagrammatic illustration 
cf one apparatus for use in a method according to the 
invention; 

Figure 5 shows another sensor element according to the 
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invention, having three electrodes; 

Figure 6 is a diagrammatic illustration of a portable 
electro-analysis apparatus according to the invention ; 

Figure 7 is a diagram showing the variation of signal 
current from a static electrode subjected to a cycle of 
electrode potential in a typical weak liquid solutions- 
Figure 8 shows the effect on the signal current of 
vibration of the same electrode at four different 
frequencies; 

Figures 9 and 10 again show the effect of vibration at 
four different frequencies, but for respective 
electrodes having different active surface areas; 

Figure 11 shows variation of plateau current with 
vibration frequency for electrodes of four different 
15 active surface areas; 

Figure 12 shows a typical effect of applying 
intermittent vibration to a sensor element in one 
method in accordance with the invention; 

Figure 13 is a graph showing the variation of the 
20 difference in average current as between the vibrated 
state and the unvibrated state of the sensor element, 
plotted against vibration frequency; 

Figure 14 is a graph of the same difference in mean 
current plotted against the concentration of a 
25 solution; 

Figure 15 is a graph similar to Figure 14 but for a 
different electrode and a different solution; 
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Figure 16 shows a trace of signal current taken over a 
short period of vibration of a sensor element according 
to the invention treated with a polymer gel; 

Figure 17 is a simplified side view showing the 
junction of two sensor elements made on a common 
substrate, to be separated from each other before use; 

Figure 18 shows a pair of such sensor elements before 
being separated; 

Figure 19, on a larger scale, is an end view of one of 
the sensor elements of Figure 18 after they have been 
separated ; and 

Figure 20 shows part of a continuous tape consisting of 
a series of sensor elements. 

Reference is first made to Figures 1 to 3 showing a 
15 sensor element 1 of a vibratable planar type in 
accordance with the invention. 

The element 1 comprises a substrate 10 in the form of a 
flat strip of a suitable inert and electrically non- 
conductive substrate material. This may be a synthetic 
plastics material such as polyvinyl chloride, or a 
ceramic such as alumina. An electrically conductive 
layer 12, typically in the form of a conductive ink, is 
printed in a suitable pattern on one side of the 
substrate 10. The material of the layer 12, 
constituting in this example the single electrode of 
the sensor element, is chosen for its suitability to 
the application required, and may typically be 
platinum, gold, silver or carbon. The electrode layer 
12 is extended along the substrate 10 by a conductive 
connecting strip 13 for connecting it with the 
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measuring circuitry. The area of the printed layer 12 
is larger than its active surface 18, which is exposed 
through an aperture 16 formed in an electrically 
insulating layer 14 which is applied over the whole of 
the layer 12 and connecting strip 13, except on the 
active surface 18 and a short contact area 15 at the 
other end of the connected strip 13. 

The active surface 18 is typically of 10 to 50 mm 2 , and 
may be in the form of a disc (as shown) or a rectangle. 
It should be noted at this point that such an electrode 
shape and area is clearly outside the domain of 
microelectrodes, and inside the domain for which 
currently accepted thinking teaches that careful 
control of hydro-dynamics is necessary if reliable 
analyses are to be obtained. 

The conductive layer 12 is typically applied as a 
conductive ink, which may for example comprise an epoxy 
resin filled with the conductive element chosen. The 
strip 13 may be of the same material as the electrode 
12, or may be of another suitable conductive material: 
typically it is of gold. The insulating layer 14, 
masking the electrode 12 and strip 13, is preferably 
applied by printing, and may be of an air cured polymer 
composition such as an epoxy or silicone resin. In 
this connection, it should be noted that Figure 2 is 
somewhat diagrammatic, its vertical scale being greatly 
distorted so that the various layers can be shown 
clearly. 

In this connection, the active surface 18 in this 
example is protected from contamination by a coating 20 
of a suitable composition which is soluble in the 
liquid to be analysed. Where the liquid is water, the 
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protective coating 20 is of a water-soluble and 
electro-chemically-inactive polymer, such as 
polyethylene oxide. The layer 20 is not shown in 
Figure 1, and in Figure 2 it is shown covering not only 
5 the surface 18 but also part of the layer 14. Although 
the necessary cleanliness is absolutely essential only 
on the working surface 18, it will be realised that the 
protective coating may if desired cover all or most of 
the sensor element, including part of the connecting 
10 strip 13. 

For use, the sensor element 1 is fitted into a suitable 
edge connector for holding it mechanically and 
providing the necessary electrical connection. One 
such connector, 22, is shown in Figures 1 and 3, being 
in the form of a body of insulating material having a 
slot 24 containing one or more springy contact strips 
26, each of which is connected to a suitable output 
signal conductor 28. When the element 1 is fitted in 
the connector 22, the exposed part of the connecting 
strip 13 lies entirely within the slot 24, and in 
contact with a contact strip 28. 

In use, a disposable sensor element, for example as 
that just described, is mounted in a space into which a 
weak solution to be analysed is or will be introduced. 
In Figure 4, to which reference is now made, this space 
is indicated diagrammatically within phantom lines 30, 
the sensor element being indicated at 32. The element 
32 is vibrated by suitable means 34 in a direction, 
indicated by the arrows V, substantially perpendicular 
to the plane of its active surface 18. Among the 
effects of this are that it mass transport is enhanced 
in the liquid within the space 30, thus securing 
dissolution of the water-soluble polymer layer 20 and 
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so exposing the active surface 18. Another effect of 
the vibration is that it controls and modulates the 
mass transport of the analyte to the surface 18. This 
in turn modulates the detector current generated at the 
surface 18 as a result of the presence of the species 
to be analysed in the solution. 

The detector current is passed, via the connecting 
strip 13 and a suitable connection 36, to signal 
processing means 38, of any suitable known kind, 
whereby the concentration of the species concerned is 
measured and /or recorded. 

In more elaborate versions, all of the electrodes 
necessary for an electro-chemical analysis (i.e. a 
reference electrode and a counter electrode, to 
complete the circuit) can also be printed on to the 
substrate, either on the same side or on the opposite 
side. Figure 5 shows a sensor element 39 modified with 
separate counter and reference electrodes. The counter 
electrode 40 may be of platinum, gold or carbon; the 
reference electrode 42 may be of silver, coated or 
mixed with silver chloride. if the measured currents 
are sufficiently small, then the functions of reference 
and counter electrodes may be combined: a chlorided 
silver electrode would provide a stable reference 
potential, whilst a platinum electrode could function 
as a so-called pseudo-reference electrode, the 
reliability of which depends on the sensitivity of the 
analytical signal to small variations of potential, and 
on the stability of the pH of the solution. Similarly, 
a silver electrode uncoated with silver chloride can 
provide a satisfactory reference signal. 

Whatever the design of vibratable planar sensor 
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element, in the method of use described herein it is, 
as already mentioned, vibrated in a direction normal to 
the plane of the active surface. The amplitude of the 
vibration is typically 1mm. The vibration does not 
need to follow a regular sinusoidal motion: excitation 
by an eccentric motor-driven cam has been found 
satisfactory. Any suitable known vibrating means may 
be used, however. 

We have found that, in an intermediate range of 
vibration frequencies (typically 10Hz to 40Hz ) , the 
resulting current does indeed vary in an irregular 
fashion, as would be expected from current thinking. 
However, we have been surprised to find that, for 
frequencies both higher and lower than this range, the 
mean current is stable over time. The vibration serves 
to enhance the current measured, this enhancement 
increasing with increasing vibration frequency until a 
limit is reached. The modulation of the current, 
mentioned above, takes place in time with the 
vibration, but is also surprisingly small. 

In order to illustrate these facts, Figure 7 shows, for 
a platinum electrode (in all the examples given here, 
platinum electrodes were used) of area 11.4 mm 2 (0.114 
cm ) , the variation of current I with electrode 
potential when a solution containing 3mM Fe(II) is 
subjected to a cycle of electrode potential at a static 
electrode. The current shows a characteristic peak- 
shaped response: the peak arises because of the 
competition between two effects, namely the increase in 
current with increasing electrode potential and the 
decrease in current caused by electrolytic depletion of 
the electro-active species at the electrode surface. 
Figure 8 shows the result of an experiment in which 
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this electrode is vibrated: Figure 8 (a) at 10Hz, 
8 (b) at 25Hz, 8 (c) at 40Hz f and 8 (d) at 50Hz. 

It might be expected that the wagging motion of the 
electrode would impose a violent swirling movement of 
the electrolyte adjacent to it, with consequent 
fluctuations in the current. Contrary to this 
expectation, at the lower vibration frequency the 
current rises to a stable plateau; at intermediate 
frequencies, the current on the plateau does indeed, as 
would be expected, vary irregularly; but at the 
highest vibration frequency, the plateau current is 
again unexpectedly stable. The plateau current 
increases with increase of the vibration frequency, up 
to a limit. Figures 9 and 10 show results for similar 
electrodes of area 1,24 mm 2 (1.24 x 10~ 2 cm 2 ) and 0.076 
mm 2 (7.6 x 10~ 4 cm 2 ) respectively, again at four 
different vibration frequencies JE . 

Figure 11 shows variation of plateau current with 
vibration frequency £ for the same three electrodes in 
Figure 11 (a), (b) and (c) respectively, and in Figure 
11 (d) for a fourth electrode, similar to the others 
but with an active surface area of 6.1 mm 2 . 

Figures 8 to 11 show that for the smaller electrodes, 
instability of the current is more marked at the lower 
vibration frequencies. On the larger electrodes, there 
appears to be a clear rise of the current to a limiting 
value, with increase of the vibration frequency. The 
enhancement of the signal induced by the vibration, and 
the fact that, under particular conditions of vibration 
the signal is stable, is clearly useful for the 
purposes of analytical chemistry. 
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The proposals in the paper by Schuette et al have been 
mentioned above, in particular careful control of the 
hydro-dynamics to enable usable signals to be produced. 
By contrast, in the method described herein, there is 
no need for such close control because, although the 
current oscillations imposed upon the steady state 
current by the vibrations are complex in form, they are 
periodic with the motion. The techniques of phase- 
sensitive detection can indeed be used to extract the 
modulated part of the current, and thereby to 
distinguish that part which is controlled by transport 
of a reagent to the electrode surface (the desired 
analytical signal) from that part which is not (the 
background current ) . 

15 The method described in the document W092/21961 

mentioned above, in a patent application of the present 
Applicant, is also found, surprisingly, to work very 
well in the practice of the present invention. in that 
method, what is measured is the difference in current 
between that flowing when the electrode is stationary 
and the mean value when the electrode is vibrating. 

Whilst it has been found possible, on an electrode of 
area 6.1 mm 2 (0.061 cm 2 ), to observe directly above the 
background the additional current due to oxidation of 
Fe(II) at a concentration of 1 pcM, the currents were 
small in comparison with the background. This would 
clearly cause difficulties in an analytical 
determination, since it could never be guaranteed that 
the background would remain constant. 
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In this connection, reference is now made to Figure 12, 
which shows the response of the current to an electrode 
of area 0.061 cm as a consequence of the presence in 
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the solution of 1 jutM (Fe(II), when the vibration is 
alternately switched on (for periods indicated by X) 
and off. Surprisingly, the current with the vibration 
switched off did not continuously decay at a rapid 
rate, as would normally be expected for current 
controlled by diffusion to a stationary planar 
electrode. It is assumed that the movement of the 
electrolyte caused by the vibration persisted 
sufficiently to counter this decay on the time scale of 
the measurement. It is again surprising that, given 
that such movements might be expected to induce an 
irregularity in the current, no such irregularity has 
in fact been observed. It should however be noted 
that, should any such irregularity appear and cause a 
difficulty, the results given in Figure 11 show that a 
difference could equally well be taken between two 
different states of vibration, one at a high frequency 
and the other at a low frequency. 

Figure 13 shows that, at a low concentration of 1 f4jM, 
in contrast to the behaviour to be deduced from Figure 
11 relating to the high concentration of 3mM, the 
difference ^1 in average current between the vibrated 
and un-vibrated state varies approximately linearly 
with the vibration frequency .£. 

Figure 14 shows linear variation, against the 
concentration of hexacyanof errate in water, of the 
difference Al in mean current (produced by an 
electrode according to the present invention with an 
active surface area of 6.1 mm 2 ), between vibrated and 
un-vibrated states, at low concentration and at a fixed 
vibration frequency of 50Hz. This value is chosen to 
be high enough, with the electrode area used, for the 
current not to fluctuate widely. Figure 14 also 
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indicates that, at higher concentration, the current 
difference increases sharply with further increase of 
concentration. It is evident from Figure 14, and has 
been confirmed by separate experiment, that the limit 
of detection by this method, with the instrumentation 
used and the particular electrode area employed, was 
around 0.1 |LlM. 

It will be clear from the foregoing that the active 
surface area of the working electrode of the vibratable 
planar sensor element of this invention can be 
increased without loss of the properties of the sensor 
element. Therefore, the detection limit can be reduced 
still further. it will be further evident that, at 
higher concentration of the target species for which 
the analytical current is much larger than the 
background, there is no need to use the differencing 
procedure described above, since the value of the 
stable current resulting from vibration at a 
sufficiently high frequency is directly proportional to 
the concentration of the target species. 

In other words, the active surface area of the 
electrode is chosen according to a predetermined 
minimum concentration of target species, this area 
being inversely proportional to the said minimum 
concentration . 

An important analytical task is the measurement of 
chlorine in water at low concentration, for which there 
is a need for simple methods that can be practised by 
little- trained practitioners, away from a laboratory. 
Reference is accordingly now made to Figure 15, which 
shows the result of current difference measurements of 
the type measured above, using electrodes of smaller 
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area (4 mm 2 or 0.04 cm 2 ) applied to low-concentration 
solutions of chlorine in water, to which a phosphate 
buffer, pH 7.4, had been added. Evidently, 
concentrations below 1 (0.071 ppm) can of course be 
measured by this means: determination of such lower 
concentrations would simply require an electrode of 
larger area. 

In the electro-chemical measurement of species such as 
chlorine in water, one difficulty in the development of 
field analyses is the need to condition the solution. 
In order to increase its conductivity sufficiently, it 
is buffered at a fixed pH; and to segregate any metal 
ions which might interfere with the analysis, a 
complexing agent, such as ethylenediaminetetra-acetic 
15 acid (EDTA), is added. Such reagents can be mixed with 
a water-soluble polymer (such as the 

hydroxyethylcellulose powder supplied by Aqualon GmbH, 
P.O. Box 130125, Paul Thomas Strasse 58, D-4000 
Dusseldorf 13, Germany, under the Trade Mark NATROSOL) , 

20 so as to form a paste. We have now found that if such 
a paste is overlaid (typically by printing) on or 
around the active surface of the electrode, and allowed 
to dry to a stable film, this film will redissolve 
rapidly and easily into the solution when the electrode 

25 is inserted into the solution to be analysed, and that 
"this re-dissolution is substantially aided by the 
vibration of the electrode. Vibration of the electrode 
also serves to secure rapid mixing of the reagents into 
the solution. 

30 Example (free chlorine): Solutions of chlorine in 

water were prepared, of concentration nominally 30 jiM, 
using photolysed, triple-distilled water: no salts 
were added to the solution to impart electrical 
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conductivity or buffer capacity, and direct electro- 
chemical determination of the concentration of chlorine 
in the solution therefore proved impossible. A 
buffered, printable polymer gel was prepared: to 
20 cm 3 of a concentrated phosphate buffer solution 
(containing 0.68 g potassium dihydrogen phosphate and 
1.14 g potassium hydrogen phosphate) "Natrosol" was 
added in a quantity sufficient to produce a fluid gel 
that could be applied to surfaces using a Pasteur 
pipette. Screen-printed platinum electrodes were 
warmed on a hotplate, and several applications of the 
buffered polymer gel were made to the surface of the 
insulator around the active electrode area, with 
intermediate drying. The result was a thick film of 
the dry gel, surrounding the active area. 

A resulting electrode was introduced into 20 cm 3 of the 
chlorine solution, along with a silver wire as a quasi- 
reference electrode and a platinum wire as a counter 
electrode. The electrodes were introduced to the 
solution, with the potentiostat switched on and set for 
a working electrode potential of +0.20 V with respect 
to the silver wire. Vibration was then started, at A 
in Figure 16 (to which reference is now made). This 
was continued for 30 seconds, and stopped where 
indicated at B in Figure 16. 

The resulting current record, shown in Figure 16, shows 
that no analytically significant current flowed 
immediately upon the introduction of the electrode; 
however, after a short interval (presumably sufficient 
for the dissolution of the reagent-loaded polymer), a 
strong reduction current appeared. The difference 
between the current with and without vibration, with 
reference to the calibration curve given in Figure 15, 



SUBSTITUTE SHEET (RULE 26) 



22 



indicates a chlorine concentration consistent with the 
amount of chlorine added to the solution, and thus 
demonstrates the equivalence of the method in which 
reagent is added from a water-soluble polymer to that 
in which reagent is added separately to the solution. 
It is clear that the presence of the polymer had no 
deleterious effect on the electro-chemical signal. 

It will be realised that such a reagent-loaded polymer 
layer could be applied by a number of production 
methods known in the art, for example screen-printing 
or spin-coating, and further that it could be deposited 
to cover the active electrode surface. In this case it 
would provide the additional function of protecting the 
active surface from adventitious contamination, during 
handling before use. Accordingly, this is a preferred 
form of the protective layer 20 in Figures 1 and 2. 

It is well known that total chlorine can be measured by 
the addition of potassium iodide, whereupon the 
chlorine present (whether free or combined) reacts to 
form iodine, which may be electro-chemically 
determined. Therefore, it may be conceived to 
incorporate, into the water-soluble polymer layer, 
potassium iodide along with the buffer. The measured 
current upon immersion of the electrode and vibration 
would then yield the total chlorine content of the 
solution. 

An application of the method of the invention, in which 
free and bound chlorine are measured using a single 
sensor element (or analysis strip) in accordance with 
the invention, will now be described. 

The sensor element is for example as shown in Figure 4, 
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having the protective coating 20 (Figure 2). Here, 
however, the coating 20 consists of two soluble polymer 
layers. One of these layers is printed only on to the 
electrode surround. The other layer may be printed 
5 over the top of the first layer and also optionally 
over the electrodes. The two polymers are chosen to 
differ in their rate of dissolution, for example by 
choice of substituents , or by cross-linking of one of 
them, for example by radiation. Alternatively, the two 

10 layers may comprise different polymers: the more 

rapidly dissolving layer may for example be "Natrosol" , 
whilst the more slowly dissolving layer may for example 
be of a substituted polyethylene oxide; such compounds 
are known as controlled-release agents for delivery of 

15 pharmaceuticals. The first, slower-dissolving, layer 
is dosed with potassium iodide; the second, rapidly- 
dissolving, layer, optionally on top of the first and 
on top of the electrode, contains the buffer. Then, 
upon immersion and vibration, the electro-chemical 

20 signal will first show the concentration of free 
chlorine. Later, as the second layer dissolves, 
releasing potassium iodide into the solution, the 
signal would increase to a value indicating the total 
concentration of chlorine present. 

25 An application of the method of the invention to the 

measurement of ammonia in aqueous solution will now be 
described with reference to Figure 6. Figure 6 shows, 
diagrammatically, a container 60 for containing water 
62 to be analysed. The container has means for 

30 maintaining the water surface 64 at a predetermined 

level: in this example this comprises an overflow 66 
acting as a weir. At a suitable fixed location below 
the level 64, a measuring unit 68 is fitted sealingly 
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in an orifice 70 of the container. The unit 68 
comprises a body 72, carrying a vibrator which is 
coupled to a connector 74 (for example like the 
connector 22 in Figures 1 and 3), into which is fitted 
a disposable sensor element 76 of the vibratable planar 
kind described above. The depth to which the 
electrodes 78 of the element 76 are submerged is thus 
defined. The unit 68 is coupled to suitable signal 
current measuring means 80. 

The element 76 is in this example generally as shown in 
Figure 5; but here, one of the electrodes 40, 42 
referred to here as the second electrode is a combined 
reference and counter electrode. The other electrode 
(42 or 40), referred to here as the third electrode, is 
such that chlorine can be generated on it at a known 
rate and in known amount when a known current is passed 
for a known time. The sensing element has a water- 
soluble polymer coating 20, this coating carrying a 
suitable buffer to control the solution pH, with enough 
sodium chloride to render the solution sufficiently 
concentrated for chlorine to be evolved with high 
current efficiency, and, if necessary, a complexing 
agent such as EDTA to sequester excess metal ions. 

One of the means by which chlorine is combined in 
solution is as chloramines, formed by reaction with 
dissolved ammonia. The reaction may be slow, 
particularly at low concentration of chlorine and 
ammonia, with the rate dependent upon both 
concentrations. In this method, therefore, the 
reaction of chlorine with ammonia is used as a measure 
of the concentration of ammonia. This method is 
particularly attractive to use because, in the water 
industry, one of the main reasons for determination of 
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ammonia is to be certain that sufficient chlorine is 
added to obtain disinfection. 

Using the apparatus of Figure 6, the sensing element 76 
is vibrated so as to dissolve the reagents in the 
coating 20 and mix them with the solution 62. With the 
vibrator working, a current is passed between the third 
and second electrodes so that a known amount of 
chlorine is generated and mixed into the solution. 
Vibration is carried out intermittently as described 
above with reference to Figure 12, and the first 
electrode is polarised with respect to the second 
electrode. 

Both the resultant chlorine concentration, and its rate 
of decrease, can thus be determined. The ammonia 
concentration is determined both from the total amount 
of chlorine required to be added in order to produce a 
detectable concentration of free chlorine (the chlorine 
demand), and from the rate of consumption of chlorine. 

The method according to the invention may also be used 
for measuring heavy metals in water. This embodiment 
of the method is based on the well-known technique of 
anodic stripping voltammetry, with initial co- 
deposition of mercury in order to form, in situ, a 
mercury drop electrode. The sensor element has a first 
electrode, preferably of platinum or carbon, and a 
second electrode which is preferably of chlorided 
silver, or silver or platinum. The reagent coating 
(20, Figure 2) contains a soluble mercury salt, such as 
mercurous nitrate together with a buffer, and 
(optionally) suitable complexing agents to allow 
separation of different metals. A container of defined 
volume is provided, as above. Although it is not 
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essential that the volume be precisely fixed, it must 
not be so large that the reagents dissolved from this 
coating are unable to form a sufficiently concentrated 
solution to allow the analysis to proceed. 

5 In use, the sensor element is vibrated so as to 

dissolve the reagents and mix the solution. Still 
under vibration, the first electrode is polarised for a 
fixed time as a cathode with respect to the second 
electrode, causing the deposition of mercury together 

10 with other heavy metals which might be present. These 
metals become dissolved in the deposited mercury. 
Finally, the electrode potential is caused to rise in a 
linear fashion with time, in the anodic direction. As 
the deposited metals redissolve, a series of peaks is 

15 observed in the current in the anodic direction. The 
amount of metal deposited, determined from the area 
enclosed by the peak of current observed upon re- 
dissolution, is directly proportional to the 
concentration originally present. 

20 It will be realised that numerous other applications 
for versions of the method according to the invention 
will suggest themselves to persons working in the field 
of electro-analysis of liquids, especially that of weak 
liquid solutions; and that the sensor element used can 
25 be adapted in many ways, within the scope of the 

invention, to suit the requirements of each particular 
application. For example, it may have one, two, three 
or even more electrodes. Any suitable electrode 
materials may be used: for instance in the description 
with reference to Figure 5, and in the example of a 
method of measuring heavy metals in water, a good 
electrode material, highly tarnish resistant, is a 
palladium-silver alloy, typically containing 20% 
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palladium. 

Embodiments of the invention in which two or more 
sensor elements according to the invention are 
manufactured in one piece, so that individual elements 
can be broken off for use as required, will now be 
described with reference to Figures 17 to 20. Although 
these are described in connection with the assessment 
of chlorine in solution, it will be understood that the 
person skilled in electro-analysis will readily adapt 
such elements, and their methods of use, to the 
analysis of other liquid solutions. 



Figure 17 shows in a simple form part of an article in 
the form of a pair of sensor elements as disclosed in 
publication W092/21961. A flat insulating substrate 
15 110 has at least one thin metallic electrode 116 

deposited on it and overlaid with an insulating layer 
120. The electrode 116 and insulating layer 120 bridge 
a weakening groove 112 formed in the substrate. 
Immediately before use, the article is broken along the 
groove, i.e. along the transverse plane AA, to expose a 
cross sectional surface of the element, and thus a 
cross sectional working surface of the electrode 116. 
The thickness T of the element is comparable to or less 
than the concentration boundary layer thickness of the 
25 solution. This exposed working surface is the only 
part of the electrode in contact with the solution. 

Figures 18 and 19 show a version of such an article 
comprising a pair of sensor elements 130, 132, for use 
in the measurement of free and bound chlorine in 
30 aqueous solution. The technique of such measurement 

has already been discussed above, for the case where a 
single sensor element has two soluble reagent- 
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containing layers enabling free and total chlorine to 
be measured one after the other. This embodiment 
provides an alternative form of sensor element for this 
purpose. 

In Figures 18 and 19, the common substrate 110, with 
its weakening groove 112 across the middle, in a plane 
BB has electrodes 136 printed on its upper surface in a 
working zone 134 straddling the transverse plane BB 
that contains the groove 112. This working zone 
consists of any number of suitable layers. By way of 
example, these comprise: a fired dielectric layer 139 
covering the electrodes 136 (which are of gold in this 
example); a palladium electrode 140 printed on the 
layer 139 and itself covered by a polymer carbon layer 
142; a polymer dielectric layer 144 overlying the 
layer 142; and an outer layer 146 or 147 applied on 
the layer 144. The electrodes are connected to 
electrical contacts 138 in the usual way. 

The outer layer 146 or 147 is of a soluble compound as 
described earlier, containing a reagent for release 
into the solution. Thus the layer 146 typically 
contains the buffer and the layer 147 potassium iodide. 
In use, the two sensors are separated by rupture along 
the plane BB, and are immersed in the chlorine 
solution. Free and total chlorine are measured 
simultaneously by the sensors 130 and 132 respectively 
as the buffer and iodide are simultaneously released. 

As can be seen from Figure 18, in this example each 
electrode has an electrical connection on each side of 
the line of weakening 112, the latter being disposed 
along the mid-line of the substrate, i.e. in the plane 
of symmetry, so then when it is broken, a pair of 
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substantially identical sensors 130 and 132 are formed. 

Numerous modified forms of these electrodes can readily 
be conceived. For example, two pairs of sensors may be 
provided, one pair having a single buffer layer 146 
over the whole of its working zone 134, and the other 
having a single iodide layer 147 over the whole of its 
working zone. One of these pairs can be used (after 
separation) for determining free chlorine only, and the 
other for total chlorine only, the second element in 
each pair being used to provide duplicate measurements 
for validation purposes. 



It will be understood that the composition, location 
and purpose of each electrode in each sensor will be 
chosen to suit the particular application, the three 
15 electrodes in Figures 18 and 19 being purely 
illustrative. 

Figure 20 shows a continuous tape comprising an 
insulating tape substrate 200, having electrical 
contacts 202 applied on it alternately with working 
zones 204, the contacts 202 being joined to the 
electrodes (not shown) in the zones 204 by connecting 
strips 206 in the manner described earlier herein. 
Lines of weakening are provided in the transverse 
planes CC, through the contacts 202, and DD through the 
working zones, so that each sensor (sensor element), or 
pair of sensors (sensor elements), can be broken off 
the tape when required. 

Although Figure 20 shows a tape in which buffer layers 
146 and iodide layers 147 are both present, the soluble 
30 outer layers of all the working zones in any one tape 
are preferably the same, e.g. containing either buffer 
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or potassium iodide. The analyst will then have a 
supply of sensors on two tapes, one with a soluble 
buffer layer on all its sensor elements for measurement 
of free chlorine as required, and the other with a 
soluble iodide layer on all its sensor elements, for 
measurement of total chlorine as required. 

As before, the difference between the concentration of 
total chlorine and that of free chlorine is taken to 
represent the bound chlorine present. 

It will be understood that Figure 20 can equally 
represent part of a strip (rigid or semi-rigid), 
instead of a tape, carrying a plurality of sensors to 
be broken off the strip as required. 
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CLAIMS 

1. A sensor element (1; 39) for use in the analysis 
of a liquid solution comprising a target species in a 
liquid solvent, characterised by: 

- a generally planar electrically insulating substrate 
( 10 ) ; and 

- at least one generally planar electrode (12; 18, 40, 
42), carried on the substrate and including or 
constituting a working electrode (12; 18) which 
defines an active surface (18) of predetermined surface 
area, the sensor element having means (15) whereby it 
can be mounted for application to it of vibration in a 
direction (V) generally normal to the plane of the 
active electrode surface (18). 

2. A sensor element according to Claim 1, 
characterised by a layer (14) of electrically 
insulating material overlaid on the substrate and on at 
least the working electrode, but defining a through 
aperture (16) for exposing the said active surface 
(18). 

3. A sensor element according to Claim 1 or Claim 2, 
characterised by at least one outer layer (20) soluble 
in a said solvent. 

4. A sensor element according to Claim 3, 
characterised in that the, or at least one, said outer 
layer (20) covers at least the said active surface 
(18), so that when it dissolves, the or each electrode 
(12; 18, 40, 42) is exposed to the liquid. 

5. A sensor element according to Claim 3 or Claim 4, 
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characterised in that the, or at least one, said outer 
layer (20) contains at least one reagent for promoting 
and/or assisting generation of the current signal on 
the sensor element. 

5 6. A sensor element according to any one of the 

preceding Claims, characterised in that it has at least 
one electrode (116, 136, 140) adapted to have a working 
surface for exposure to an analyte and defining a 
micro-dimension (T) no greater than about 200 
10 micrometres, the electrically insulating substrate 

(110, 200) having the or at least one said electrode 
overlaid thereon as a strip having the said micro- 
dimension as its thickness, and an electrically 
insulating layer (120, 144) overlaid on the strip at 
least in the vicinity of the working surface, the 
working surface being unexposed and the element further 
including separation means (112) for causing a cross- 
section of the electrode or electrodes to become 
exposed so as to define the working surface. 

20 7. A sensor element according to Claim 6, 

characterised in that the separation means comprises at 
least one line of weakening (112) formed across the 
substrate (110, 200) and bridged by the electrode or 
electrodes (116, 136, 140), whereby, when the substrate 
is ruptured along a said line of weakening, the or each 
electrode is also ruptured so as to create its exposed 
working surface. 
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8. A sensor element according to Claim 7, 
characterised in that the or each electrode (136, 140) 
has an electrical connection (132, 202) on each side of 
the line of weakening (112), the latter being so 
disposed that when it is broken, the sensor element 
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becomes a pair of substantially identical sensors (130, 
132). 

9. A tape or strip comprising a continuous insulating 
substrate (200), characterised in that the substrate 
constitutes the substrate for a plurality of sensor 
elements according to any one of Claims 6 to 8, so that 
a sensor element can be broken off the tape or strip as 
required. 

10. Apparatus for use in the analysis of a liquid 
solution comprising a target species in a liquid 
solvent, characterised by: 

- a sensor element (1; 39; 76) according to any one 
of Claims 1 to 8; 

- a carrier (22; 74) for carrying the sensor element 
and for making electrical connection thereto; 

- vibrator means (34) for vibrating the sensor element 
in the said direction (V); and 

- signal processing means (38; 80) for receiving said 
current signals so as to determine the concentration of 
the target species in the solution. 

11. Apparatus according to Claim 10, further 
characterised by a container (30; 60) for the 
solution, at least the carrier (22; 74) being mounted 
on the container such that the sensor element is 
immersed (1; 39) in the solution in use. 

12. Apparatus according to Claim 11, characterised in 
that the container (60) includes liquid level control 
means (66) for determining the amount of solution in 
the container. 
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13. Apparatus according to Claim 11 or Claim 12, 
characterised in that it is portable, for use in the 
field. 

14. A method of analysing a liquid solution comprising 
5 a target species in a liquid solvent, characterised by 

the steps, using an apparatus according to any one of 
Claims 10 to 13, of vibrating the sensor element (1; 
39; 76) in said direction (V) at a known frequency, 
whereby to produce a stable, repeatable current signal 
10 from the sensor element; and processing the current 
signal so as to determine the said concentration. 

15. A method according to Claim 14, characterised in 
that the vibration is applied intermittently, with each 
period of vibration, of a known duration, being 
followed by a period of known duration in which no 
vibration takes place. 



15 



16. A method according to Claim 14 or Claim 15, 
characterised in that the area of the said active 
surface (18) is selected so as to give the sensor 
20 element (1; 39; 76) a predetermined sensitivity, 

being in substantially inverse proportion to a required 
minimum concentration of the target species to be 
measured . 
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17. A method according to any one of Claims 14 to 16, 
characterised by the use of a pair of sensors (130, 
132) for simultaneous measurement of free and total 
chlorine in the solution, each said sensor having an 
exposed outer layer (146, 147) soluble in the solution, 
with the said outer layer (146) of one sensor (130) 
containing a buffer and the outer layer (147) of the 
other sensor (132) containing an iodide, whereby the 
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sensors give output signals representing the 
concentration of free chlorine and total chlorine, 
respectively, as the said outer layers are dissolved in 
the solution. 
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